Abstract. The algorithm for determining spectral UVA (320-400 nm) and UVB (290-320 nm) flux in cloud-free conditions is discussed, including estimates of the various error sources (uncertainties in ground reflectivity, ozone amount, ozone profile shape, surface height, and aerosol attenuation). It is shown that the Brewer-measured spectral dependence of UV flux can be accurately reproduced using just total column ozone amount and the solar flux spectrum. The presence of aerosols tends to reduce the logarithm of the absolute UV flux linearly with aerosol optical depth. Using Brewer measurements of UV flux and aerosol optical depth on clear days at Toronto, the estimated slope falls in the range 0.2 to 0.3 (aerosol single-scattering albedo about 0.95). The Brewer measurements of UV flux can be reproduced using the aerosol model derived within uncertainties of the instrument calibration. We have applied the algorithm to the data collected by the total ozone mapping spectrometer (TOMS) instruments that have been flown by NASA since November 1978. It was demonstrated that in the absence of clouds and UV-absorbing aerosols, TOMS measurements of total column ozone and 380 nm (or 360 nm) radiances can be used in conjunction with a radiative transfer model to provide estimates of surface spectral flux to accuracies comparable to that of typical ground-based instruments. A newly developed technique using TOMS aerosol index data also allows estimation of UV flux transmission by strongly absorbing aerosols. The results indicate that over certain parts of the Earth, aerosols can reduce the UV flux at the surface by more than 50%. Therefore the most important need for reducing errors in TOMS-derived surface UVB spectra is to improve the understanding of UV aerosol attenuation.
Introduction
The amount of ultraviolet radiation in the UVA (320-400 nm) and UVB (290-320 nm) spectral ranges that reach the surface of the Earth is determined by Rayleigh scattering from the molecular atmosphere, the absorption of ozone, scattering by clouds, and both scattering and absorption by aerosols. For the last two decades, global increases in UV fluxes from decreasing stratospheric ozone amounts caused by anthropogenic chlorine releasing gases (mostly chlorofluorocarbons) have been an issue of public concern. Changes in UV fluxes at the Earth's surface due to changes of atmospheric ozone content [Stolarski et al., 1991; Herman and Larko, 1994] To calculate the various terms in (1), numerical solutions of the radiative transfer equation were obtained in the UV spectral region (290-400 nm) by the auxiliary equations method [Dave, 1964] , which accounts for all orders of scattering and polarization effects. A spherical geometry correction is applied to the direct component and primary scattered radiation (pseudospherical correction), which allows accurate calcula- Sensitivity analysis has shown that the accuracy of radiative transfer flux calculations together with the numerical interpolation technique is better than 1%. Therefore the accuracy for estimating Fclea r is limited by the uncertainty of the input geophysical parameters: extraterrestrial solar flux F o, total column ozone amount D,, the surface pressure, and reflectivity. Other less sensitive but important parameters include ozone vertical distribution, boundary layer ozone, and SO2. We examine the sensitivity of the flux to these parameters in the following sections. The absolute accuracy of these measurements is maintained through internal calibrations and data set intercomparisons (among SOLSTICE, SUSIM, and SBUV/2 instruments). The measurements by the two UARS instruments were compared with the same-day measurements by three other solar instruments (the solar spectrum (SOLSPEC), the shuttle solar backscatter ultraviolet (SSBUV), and the shuttle SUSIM instruments) during the ATLAS 1 and ATLAS 2 space shuttle missions in March 1992 and April 1993, respectively [Cebula et al., 1996; Woods et al., 1996] . In the 290-400 nm region, at 5 nm spectral resolution, the difference between the various data sets is less than +_3% and is wavelength dependent. Cebula et al. [1996] noted that at 1 nm resolution, small errors in wavelength registration can lead to larger differences between in- Figure 3 shows the percentage increase in flux for a 1 DU decrease in total column ozone. Typical errors of 5 DU in measuring total ozone from satellite or ground-based instruments translate into 1-3% error at 310 nm, increasing to 5-8% at 300 nm, and 10-15% at 295 nm. Note that the ozone sensitivity of the flux is a nonmonotonic function of solar zenith angle at short wavelengths. This is due to the fact that when the absorption of the high solar zenith angle direct solar beam becomes very large, most photons reaching the surface are those that have been scattered in the middle stratosphere (20-25 km) and pass to the ground along the shortest vertical path through the ozone layer. This phenomenon is known as the Umkehr effect [Mateer, 1965] . UV flux measurements made by Brewer spectrophotometers at seven Canadian and Japanese stations confirm these model results ].
Sensitivity to Total Ozone

Effect of Strataspheric Ozone Profile on Surface
UV Flux
The surface flux is sensitive not only to column amount but also, to a lesser extent, to the vertical distribution of ozone, particularly at high solar zenith angles. The height of the maximum of the ozone vertical distribution is the most important characteristic of the profile. This height is highly correlated with tropopause height, on the average decreasing from 25 km Figure 5 . These results show that for 00 < 50 ø, for a typical 5 DU rms variability in lower tropospheric ozone, the calculated surface flux would have let error of 2% at 300 nm and 0.5% at 310 nm, even if the total column ozone were to be known perfectly. For a long-term increase in tropospheric ozone, this reflects the well-known disproportional role of tropospheric ozone in blocking solar UV radiation [Bruhl and Crutzen, 1989] . At small 00, a given amount of tropospheric ozone absorbs UV radiation more strongly than the same amount of stratospheric ozone because of the longer optical path associated with increased tropospheric multiple scattering. However, at 00 > 70 ø, the stratospheric absorption is more efficient than in the troposphere because most scattering occurs in the stratosphere. [Shaw, 1979] . The refractive index is prescribed on the basis of laboratory measurements at UV wavelengths [Beyer et al., 1996] . Dust models are Figure 9 shows the spectral dependence of the aerosol attenuation factor r•(X) for aerosol models described in Table 1 and unit optical depth at 325 nm. For strongly absorbing aero- 
Surface Reflectivity Effect
Comparisons of Flux Ratios With Brewer Measurements for Cloud-Free Conditions
The results of our model calculations of surface flux were compared with double monochromator Brewer spectrophotometer UVB flux spectral observations (see Figure 11) . The comparisons were done under conditions without snow or ice. The spectra were measured at Toronto in 1995 and 1996 by Brewer instrument 21. Since the predicted wavelength dependence of aerosol and surface reflectivity effects is small in the 300-325 nm region, the wavelength dependence of UVB flux is almost entirely due to the wavelength dependence of clear sky flux.
To study the spectral dependence of UVB flux, ratios were calculated between the UV flux at each wavelength in the range 290-325 nm and the UV at 324 nm for both the Brewer measurements and the model data sets (hereinafter referred to as "normalized spectra"). To minimize cloud effects, only days with at least 80% clear sky flux were used. Practically, it means the ground-observing conditions were mostly clear sky, some broken clouds with bright Sun, or very thin (cirrus) clouds. Then, data were filtered by total ozone. Only the days with the measured daily mean total ozone between 280 and 320 DU were selected for comparison. We note the following: (1) Numbers in parentheses apply to snow/ice conditions for horizontally homogeneous surfaces with high surface albedo, R s > 0.9 (Antarctic, Greenland). The table concerns . These errors are of roughly the same magnitude as errors due to tropospheric ozone (rms variation in SO2 is between 1 and 2 DU, but SO2 is 2-3 times more absorbing than ozone in UVB).
Nonabsorbing Aerosol Effect
Detailed radiative transfer calculations show that the transmission of UV flux through nonabsorbing aerosols and clouds can be predicted accurately using backscattered radiances measured at nonozone-absorbing UVA wavelengths (TOMS wavelengths at 360 or 380 nm are used for this purpose). Since the cloud transmission function is more complicated than that for nonabsorbing aerosols, we will deal with cloud transmission in a following paper. Here we limit our discussions to nonabsorbing aerosol transmission. One of the simplest ways of estimating the surface flux attenuation (r•) in the presence of nonabsorbing aerosols is to compute from TOMS radiances a quantity that has been referred to in the TOMS literature as Lambert-equivalent reflectivity (LER). The concept of LER was developed by Dave [1978] The snow/ice errors are the subject of a separate study. Larger errors also occur when the underlying surface is highly nonLambertian, for example, affected by the sea glint. Under these conditions the method would falsely identify the enhanced value of R due to sea glint as aerosols, significantly underestimating the flux. In the operational TOMS algorithm these scenes are identified by the measurement geometry and a. land/ sea mask and deleted from processing.
Absorbing Aerosol Effect
Ground-based and satellite measurements in many locations indicate the presence of continental dust and carbonaceous aerosols that have significant UV absorption (Figures 8, 9 ). The LER method described above fails under these conditions for several reasons. An important feature to note is that the map is limited to r/ = 0.2 (AI > 1). This is because of lack of sensitivity in the TOMS technique to reliably detect smaller amounts of absorbing aerosols. Although further work may improve the sensitivity of the estimation procedure, it is unlikely that TOMS AI technique will be able to detect weakly absorbing aerosols near the surface, often found in urban atmospheres [Liu et al., 1991] . These aerosols can still be detected using single reflectivity channel ( However, the technique currently does not have the sensitivity to detect the more prevalent weakly absorbing aerosols and absorbing aerosols at low altitudes. Since the uncertainty due to UV-absorbing aerosols is a large remaining source of error in determining surface UV irradiance spectra from space, a high priority for the TOMS surface UV validation program is understanding the variability of the aerosol (and cloud) attenuation factor (r/). Both groundbased measurements and model calculations indicate that r/is weakly wavelength dependent under most conditions. Understanding the behavior of r/could therefore be achieved relatively inexpensively by deploying many broadband UVA instruments at different sites around the world.
